Rift Valley fever virus (RVFV) is a member of the genus
Rift Valley fever virus (RVFV), a member of the genus
Phlebovirus within the family Bunyaviridae, causes periodic outbreaks among livestock and humans in sub-Saharan African countries (42) . RVFV infection results in severe hepatic diseases, with high mortality and abortion rates, in domestic ruminants and also causes an acute febrile myalgic syndrome, a hemorrhagic syndrome, ocular disease, and encephalitis in humans (3, 39) . The most recent outbreak was reported in Kenya and resulted in a high reported case-fatality ratio for infected humans (12) . RVFV is transmitted primarily by mosquitoes or through direct contact with infected animal blood. Even though the natural infectious cycle of RVFV has been linked to mosquitoes of Aedes species, many other mosquito species can be infected and subsequently transmit the virus (16) , implying that these mosquito species can increase the possibility of RVFV becoming epidemic and perhaps endemic outside of its traditional area.
RVFV has a single-stranded, tripartite RNA genome composed of the L, M, and S segments. The L segment is of negative polarity and encodes the RNA-dependent RNA polymerase (L). The S segment uses an ambisense strategy for gene expression; a nonstructural protein, NSs, is translated from viral-sense mRNA, while the nucleocapsid (N) protein is expressed from anti-viral-sense mRNA (42) . The NSs protein has been known as an interferon antagonist due to its shutting off of host transcription (5, 34) . The anti-viral-sense M segment encodes two envelope glycoproteins, Gn and Gc, and two accessory proteins, the 14-kDa NSm protein and the 78-kDa protein.
The M gene open reading frame (ORF) in M mRNA contains five in-frame translation initiation codons within the preglycoprotein (pre-Gn) region, which is located upstream of the Gn and Gc genes (see Fig. 1A ) (20, 26, 48) . The 78-kDa protein is translated from the first AUG codon of the ORF, and its coding sequence includes the entire NSm and Gn coding sequences. NSm is translated from the region from the second AUG codon to the end of the pre-Gn region (see Fig.  1 ). The NSm and 78-kDa proteins are not essential for RVFV replication in cell culture (18, 51) , whereas all RVFVs thus far sequenced carry the pre-Gn region (7) , strongly suggesting that there is selection pressure(s) to retain an RNA element(s) in the pre-Gn region and/or proteins encoded (fully or partially) by the pre-Gn region, i.e., NSm and the 78-kDa protein. Currently, the biological functions of the NSm and 78-kDa proteins of RVFV and proteins encoded by the pre-Gn regions of other phleboviruses are totally unclear, though a mutant RVFV lacking both NSm and 78-kDa protein expression showed attenuated virulence in rats (6) , implying a possible role of the RVFV NSm and/or 78-kDa protein in viral pathogenesis.
In the present study, we have generated a deletion mutant of an attenuated MP-12 strain of RVFV, which expresses neither the NSm protein nor the 78-kDa protein, due to a large deletion in the pre-Gn region of the M segment. We found that cells infected with the deletion mutant underwent apoptotic cell death earlier than cells infected with the parental virus and that NSm expression inhibited the rapid apoptotic cell death in mutant virus-infected cells. NSm expression also suppressed staurosporine (STP)-induced apoptosis, demonstrating that NSm performed its antiapoptotic function in the absence of other viral proteins. This is the first demonstration of the biological function of the NSm protein of any phlebovirus.
temperature using the Annexin V-FITC apoptosis detection kit I (BD Pharmingen). We then analyzed 1 ϫ 10 4 stained cells by flow cytometry (BD FACSCanto flow cytometer; Becton Dickinson).
Caspase enzymatic activity assays. The caspase enzymatic activities of virusinfected cells were evaluated via caspase colorimetric assay kits (BioVision, Mountain View, CA). In this assay, approximately 1 ϫ 10 6 cells were washed with phosphate-buffered saline and lysed with 50 l of chilled cell lysis buffer for 10 min on ice. After centrifugation for 1 min at 10,000 ϫ g, supernatants (cytosolic extracts) were collected and protein concentration measured by the Bradford assay. Fifty or 100 g of proteins was diluted in 50 l of cell lysis buffer and 50 l of 2ϫ reaction buffer for each assay. The activity of each caspase was determined with colorimetric peptide substrates: DEVD-pNA (chromophore p-nitroanilide) for caspases 3 and 7 (caspase-3/7), IETD-pNA for caspase-8, and LEHD-pNA for caspase-9. Each sample was incubated with the peptide substrate for 2 h, and color changes were measured at 405 nm in a spectrophotomer (Bio-Rad) using a quartz microcuvette. The background reading from cell lysates and buffers was subtracted from the sample reading.
Reagents. An anti-cleaved caspase-3 (Asp175) antibody and an anti-poly-(ADP-ribose) polymerase (PARP) antibody were purchased from Cell Signaling Technology (Danvers, MA). STP and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich (St. Louis, MO), and Z-IETD-FMK (a caspase-8 inhibitor) and Z-LEHD-FMK (a caspase-9 inhibitor) were purchased from BD Biosciences (San Jose, CA).
Statistical analysis. A paired Student t test was used to compare significance. A P value of Ͻ0.05 was considered statistically significant. (51) . To completely eliminate the accumulation of detectable viral proteins whose coding sequences contain the pre-Gn region in virus-infected cells, we generated another mutant virus, arMP-12-del21/384, with a deletion from nt 21 to 384 in the pre-Gn region, by using a reverse-genetics system (22, 51) (Fig. 1A) . Sequence analysis showed that the rescued arMP-12-del21/384 virus retained the introduced deletion in the pre-Gn region and had no other mutations in the M segment. In contrast to arMP-12-delNSm/78, which produces plaques indistinguishable from those made by arMP-12, arMP-12-del21/384 produced plaques that were larger than those produced by arMP-12 in Vero E6 cells (Fig. 1B) . We have successfully recovered arMP-12-del21/384 in three independent rescue experiments, and all rescued viruses produced plaques that were similar in size and morphology; however, they were larger than those produced by arMP-12 (data not shown), suggesting that the larger-plaque phenotype was caused by the deletion introduced within the pre-Gn region. (23) . L, M, and S segments are indicated with arrowheads. The M segment of arMP-12-del21/384 migrated faster than that of arMP-12 due to a large deletion in the pre-Gn region. (B) Vero E6 cells were either mock infected or independently infected with the indicated viruses at an MOI of 3, and total proteins were collected at 8 h p.i. Western blot analysis using an anti-RVFV antibody was performed to demonstrate the accumulation of Gn/Gc, NSs, and N proteins. An anti-L antibody and an anti-actin antibody were used to detect L protein and actin protein, respectively, while an anti-NSm antibody was used to detect both the NSm and 78-kDa proteins (51) . (C) Vero E6 cells were either mock infected or independently infected with the indicated viruses at an MOI of 3. Cells were radiolabeled with 100 Ci/ml at 8 h p.i. for 30 min. Cytoplasmic extracts were incubated with an anti-NSm antibody or with preimmune serum (Pre), and radioimmunoprecipitation (IP) was performed as described previously (51) . (D) Vero E6 and J774.1 cells were independently infected with arMP-12 or arMP-12-del21/384 at the indicated MOI, and the culture supernatants were collected from triplicates at the indicated time p.i. Titers were determined by a plaque assay in Vero E6 cells. Fig. 2D and data not shown). These data are consistent with previous findings that the lack of NSm and 78-kDa protein accumulation and the presence of a large deletion at the pre-Gn region do not affect virus replication efficiency in cell cultures (18, 51) .
RESULTS

Generation
arMP-12-del21/384 replication induces more-extensive apoptotic cell death than arMP-12 replication. arMP-12-del21/ 384 and arMP-12 replicated with similar kinetics in cell cultures, yet the former produced larger plaques than the latter (Fig. 1B) . These data led us to hypothesize that arMP-12-del21/384 replication may induce more-extensive cell death than arMP-12 replication. To test this hypothesis, Vero E6 cells were independently infected with arMP-12, arMP-12-delNSm/78, or arMP-12-del21/384 at an MOI of 10, and cell viabilities were determined by an MTT-based cytotoxicity assay, which measures the mitochondrial dehydrogenase activities of live cells. Cell viabilities of infected cell cultures were expressed as percentages of the absorbance of a mock-infected cell culture at the corresponding time p.i. (Fig. 3A) . All infected cell cultures showed similar levels of cell viability during the first 24 h p.i., whereas the viabilities of arMP-12-del21/384-infected cells were significantly lower than those of arMP-12-infected cells from 48 h p.i. to 72 h p.i.; at 60 h p.i., the cell viabilities of arMP-12-del21/384-infected cultures were about 40% less than those of arMP-12-infected cell cultures. The kinetics of cell viability for arMP-12-delNSm/78-infected and arMP-12-infected cells were similar throughout infection, except at 24 h p.i., when marginally lower cell viabilities were observed for the former.
To determine whether arMP-12-del21/384 replication induced more-extensive apoptotic cell death than arMP-12 replication, annexin V/PI staining and a subsequent flow cytometry analysis were performed. Annexin V is a Ca 2ϩ -dependent phospholipid-binding protein with a high affinity for phosphatidylserine, which is translocated from the inner to the outer leaflet of the plasma membrane in the early stage of apoptosis (38) . PI, which intercalates into double-stranded DNAs, is excluded by viable cells but can penetrate the membranes of dying or dead cells (50) . Accordingly, annexin V-positive and PI-negative cells are those undergoing early apoptosis. Vero E6 cells were either mock infected or independently infected with arMP-12 or arMP-12-del21/384 at an MOI of 3. An immunofluorescence assay that detected viral proteins showed that nearly 100% of Vero E6 cells and 293 cells were infected with viruses at an MOI of 3 (data not shown). At 20 h and 40 h p.i., all cells, including floating cells, were collected from the cultures and stained with annexin V/PI; then they were analyzed by flow cytometry (Fig. 3B) . The lower-right quadrant (Q4) of Fig. 3B represents early-apoptotic cells, i.e., annexin V-positive, PI-negative cells. At 20 h p.i., mock-infected cells and arMP-12-infected cells had 5.9% and 8.4% apoptotic cells, respectively, whereas 20.7% of arMP-12-del21/384-infected cells underwent apoptosis, demonstrating that the number of cells at the early state of apoptosis was substantially higher for arMP-12-del21/384-infected cells than for arMP-12-infected cells. By 40 h p.i., the apoptotic cell populations had increased substantially in infected cells, and the apoptotic cell population in arMP-12-del21/384-infected cells (35.6%) was higher than that in arMP-12-infected cells (22.3%). Furthermore, the population of cells at the late stages of apoptosis and/or necrosis, shown in the upper-right quadrant (Q2), had increased in infected cells by 40 h p.i., and this population was larger for arMP-12-del21/384-infected cells (24.2%) than for arMP-12-infected cells (14.8%). These data suggested that the NSm and/or 78-kDa protein suppressed virus-induced apoptotic cell death.
Status of caspase activation in arMP-12-and arMP-12-del21/384-infected cells. It is well established that once apoptosis is triggered, upstream caspases, e.g., caspase-8 or -9, induce the cleavage of caspase-3, yielding active cleaved forms of (Fig. 4) . STP, a broadspectrum protein kinase inhibitor that has been used to induce apoptosis in various cell lines (21, 32, 45), served as a positive   FIG. 4 . Activation of caspase-3 and cleavage of PARP in virus-infected cells. Vero E6, 293, and J774.1 cells were either mock infected or infected with arMP-12 or arMP-12-del21/384 at an MOI of 3. Total-cell lysates were collected at the indicated time p.i. and subjected to Western blot analysis. Anti-cleaved caspase-3 (Asp175), an anti-PARP antibody, and an anti-actin antibody were used to demonstrate cleaved caspase-3 (p17), both uncleaved and cleaved PARP, and actin, respectively. RVFV N and NSs proteins were detected by an anti-RVFV antibody. Lanes STP and DMSO, 293 cells treated with 3 M STP in DMSO and with DMSO only, respectively. The specific band signal in each immunoblot was quantified by densitometric scanning and normalized against an actin control for cleaved caspase-3 or against total PARP (uncleaved and cleaved PARP) for cleaved PARP. Increases (n-fold) over the signal from mock-infected cells are given below the lanes. control for apoptosis induction. As shown in Fig. 4 , STP treatment induced accumulation of cleaved caspase-3 and PARP, while neither was accumulated in cells treated with DMSO alone. In both 293 and Vero E6 cells, throughout infection, cleaved caspase-3 was more abundant in arMP-12-del21/384-infected cells than in arMP-12-infected cells. For 293 cells, caspase-3 cleavage was detected as early as 8 h p.i. in arMP-12-del21/384-infected cells, whereas only a low level of cleaved caspase-3 was detectable at 16 h p.i. in arMP-12-infected cells. Likewise, the levels of PARP cleavage were higher in mutant virus-infected cells than in cells infected with the parental virus, arMP-12. We noted efficient accumulation of cleaved caspase-3 and PARP at 6 h p.i. in arMP-12-del21/384-infected J774.1 cells but not in arMP-12-infected J774.1 cells, whereas these differences were no longer obvious at 8 h p.i. Western blotting using an anti-RVFV antibody showed that accumulation of N and NSs proteins was similar for arMP-12-infected and arMP-12-del21/384-infected cells, a finding that, together with the identical growth curves (Fig. 2D) , suggested that increased caspase-3 activation in arMP-12-del21/384-infected cells was not due to the efficient replication of this virus.
To further confirm that the cleaved caspase-3 in arMP-12-del21/384-infected cells was biologically active, caspase-3/7 activities in arMP-12-and arMP-12-del21/384-infected cells were measured by using their colorimetric substrate, DEVD-pNA. The levels of caspase-3/7 activities in mutant virus-infected cells were substantially higher than those in parental-virusinfected cells at 16 h p.i. for both Vero E6 and 293 cells (Fig.  5A ) (P Ͻ 0.001). In contrast, only an insignificant difference in caspase-3/7 activities was detected between mock-infected cells and arMP-12-infected cells.
Next, we determined the enzymatic activities of the upstream caspases, i.e., caspase-8 ( Fig. 5B ) and caspase-9 ( Fig.  5C ), at 16 h p.i. in infected Vero E6 and 293 cells. In both cell lines, caspase-8 activities were higher in arMP-12-del21/384-infected cells than in arMP-12-infected cells; these differences were statistically significant (P Ͻ 0.001). Caspase-8 activities in arMP-12-infected cells were also statistically significantly higher than those in mock-infected cells (P Ͻ 0.001 for Vero E6 cells and P Ͻ 0.005 for 293 cells). Caspase-9 activities were statistically significantly higher in arMP-12-del21/384-infected cells than in arMP-12-infected cells (P Ͻ 0.05 for both cell lines), whereas the differences between mock-infected and arMP-12-infected cells, and those between mock-infected and arMP-12-del21/384-infected cells, were not statistically significant in either cell line. These data suggested that activated caspase-8 primarily induced caspase-3 cleavage in arMP-12-del21/384-infected cells. Overall, our data were consistent with the notion that the viral proteins encoded by the pre-Gn region, including the NSm and/or 78-kDa protein, suppress the activities of caspase-8 and its downstream caspase, caspase-3, causing a delay in apoptotic cell death in arMP-12-infected cells.
Expression of the NSm and 73-kDa proteins suppresses caspase-3 cleavage and activation in arMP-12-del21/384-infected cells. To investigate whether the viral proteins whose coding sequences contain the pre-Gn region, i.e., NSm, the 73-kDa protein, and the 78-kDa protein, could inhibit apoptotic cell death in RVFV-infected cells, 293 cells were independently transfected with a eukaryotic expression plasmid carrying the NSm protein ORF (pCAGGS-NSm), the 78-kDa protein ORF (pCAGGS-78), or the 73-kDa protein ORF (pCAGGS-73), or with a control plasmid, pCAGGS. In our hands, the transfection efficiencies achieved in 293 cells were about 70 to 80% (data not shown). At 48 h posttransfection, cells were either mock infected or independently infected with arMP-12 or arMP-12-del21/384 at an MOI of 3. Total-cell lysates were collected at 16 h p.i. and subjected to Western blot analysis in order to compare the levels of caspase-3 cleavage (Fig. 6A) . It was evident that transfection of pCAGGS-NSm and pCAGGS-78 resulted in efficient accumulation of NSm protein and the 78-kDa protein, respectively; the abundance of NSm protein in transfected cells was higher than that in arMP- FIG. 5 . Enzymatic activities of caspases in virus-infected cells. Vero E6 and 293 cells were either mock infected or independently infected with arMP-12 or arMP-12-del21/384 at an MOI of 3. Cells were collected at 16 h p.i., and 100 g of proteins from each sample was incubated with a colorimetric peptide substrate for caspase-3/7 (A), caspase-8 (B), or caspase-9 (C) for 2 h. Color changes were measured at 405 nm, and the background reading from cell lysates and buffers was subtracted from the sample reading. Data are representative of at least three independent experiments, and statistical significance was determined by a paired Student t test. Asterisks represent P values for the differences between arMP-12 and arMP-12-del21/384 infections (P Ͻ 0.001, P Ͻ 0.001, and P Ͻ 0.05 for panels A, B, and C, respectively). (Fig. 6, lanes 5 to 8) , the expression of all three proteins had little effect on the abundance of cleaved caspase-3 (p17), whereas expression of the NSm and 73-kDa proteins clearly suppressed p17 accumulation in arMP-12-del21/384-infected cells (Fig. 6, lanes 10 and 12) . In contrast, expression of the 78-kDa protein had little effect on p17 accumulation in arMP-12-del21/384-infected cells (Fig. 6, lane 11) . Consistent with those data, caspase-3/7 activities in arMP-12-del21/384-infected cells that expressed NSm protein or the 73-kDa protein, but not the 78-kDa protein, were statistically significantly lower than those in arMP-12-del21/384-infected cells transfected with pCAGGS (empty vector [EV]) (P Ͻ 0.001 for EV versus NSm; P Ͻ 0.05 for EV versus pCAGGS-73) (Fig. 6B) .
These experiments demonstrated that the independently expressed NSm and 73-kDa proteins, but not the 78-kDa protein, from the transfected plasmids worked in trans to suppress caspase-3 activation in arMP-12-del21/384-infected cells; the NSm and 73-kDa proteins indeed inhibited apoptotic cell death in RVFV-infected cells. NSm protein expression suppresses STP-induced apoptosis. To further establish an antiapoptotic function of the NSm protein, we examined whether NSm protein expression suppressed STP-induced apoptosis. STP activates both caspase-8 and caspase-9 (45), while the exact mechanism by which STP induces apoptosis is unclear. 293 cells were independently transfected with pCAGGS or pCAGGS-NSm, followed by treatment with 3 M STP at 48 h posttransfection. Cell extracts were prepared at 3 h after STP treatment, and the enzymatic activities of caspase-8 and caspase-9 were measured (Fig. 7) . Consistent with our expectation, STP treatment induced activation of both caspases. It was evident that NSm protein expression efficiently suppressed STP-induced activation of both caspase-8 and caspase-9. NSm protein was quite competent to suppress STP-induced caspase-8 and -9 activities, as evidenced by the fact that its inhibitory effects were comparable to those of the synthetic inhibitors of caspase-8 (Z-IETD) and caspase-9 (Z-LEHD) ( Fig. 7A and B) . These data clearly demonstrated that the NSm protein alone inhibited STP-mediated apoptosis at the levels of activation of the initiator caspases, caspase-8 and -9.
DISCUSSION
The RVFV NSs protein, 78-kDa protein, and NSm protein are viral accessory proteins, because they are dispensable for virus replication in cell cultures (22, 51) . A biological function of NSs, which suppresses host mRNA transcription, has been described (5, 34) , whereas the biological functions of the NSm and 78-kDa proteins were unclear. By using arMP-12-del21/ 384, carrying a deletion in the pre-Gn region of the M gene ORF, and its parental virus, the present study identified RVFV NSm protein as an inhibitor of apoptosis.
Among five in-frame AUG codons in the pre-Gn region of RVFV M mRNA, the fourth AUG codon is used mainly for translation of the Gn and Gc proteins, while the 78-kDa and NSm proteins are translated from the first and second AUG codons, respectively (27, 47) . In addition to these proteins, the present study and our previous studies (51) showed an accumulation of the 75-kDa protein, which reacted with an antiNSm antibody, in MP-12-infected cells. Synthesis of a viral protein from the second AUG codon that corresponds to the 75-kDa protein was also reported for cells expressing RVFV M segment RNA (20) . We also detected an accumulation of the 73-kDa protein, which also reacted with the anti-NSm antibody, in cells supporting the replication of arMP-12-delNSm/ 78; the NSm, 78-kDa, and 75-kDa proteins were not synthesized in arMP-12-delNSm/78-infected cells (Fig. 2C) . Our unpublished studies showed that replication of the MP-12 mutant carrying a substitution mutation at the third AUG codon resulted in accumulation of the NSm, 78-kDa, and 75-kDa proteins but not of the 73-kDa protein. These data suggested that the 73-kDa and 75-kDa proteins were translated from the third and second AUG codons, respectively, and that the 73-kDa protein accumulation occurred when the first and/or second AUG codon was abolished. Among those proteins whose coding sequences contain the pre-Gn region, the NSm and 73-kDa proteins, but not the 78-kDa protein, suppressed caspase-3 cleavage and activation in the trans-complementation experiments (Fig. 6) . Consistent with these data, the kinetics of cell viability were similar for arMP-12-infected cells and cells infected with arMP-12-delNSm/78, which expressed the 73-kDa protein but not the 78-kDa, 75-kDa, and NSm proteins (Fig. 3A) . These data revealed that the NSm and 73-kDa proteins, but not the 78-kDa protein, had an antiapoptosis function. Furthermore, our data suggested that a low abundance of the 73-kDa protein could exert the antiapoptotic activity (see Fig. 2 and 6 ). Then why did the 78-kDa protein, which includes the sequences that are present in NSm and the 73-kDa protein, not perform an antiapoptotic function? It is possible to speculate that the 78-kDa protein translocates into the lumen of the endoplasmic reticulum through its N-terminal signal peptide, whereas the NSm, 75-kDa, and 73-kDa proteins lack an N-terminal signal peptide, and hence, the portions of these proteins encoded by the pre-Gn region are probably localized within the cytoplasm (19, 20, 26) . If the NSm and 73-kDa proteins exert their antiapoptotic activities in the cytoplasm, then it is not surprising that the 78-kDa protein could not perform an antiapoptotic function, since its pre-Gn region may be located within the lumen.
We reported that arMP-12 and its three different mutant viruses, one lacking NSm protein expression, the second lacking 78-kDa protein expression, and the third lacking the expression of both the NSm and 78-kDa proteins, produce plaques with the same sizes and morphologies (51) . Because the 73-kDa and/or 75-kDa protein accumulates in cells infected with these mutant viruses (51), we suspect that expression of the 73-kDa and/or 75-kDa protein in the cells infected with these mutant viruses exerted antiapoptotic activities and contributed to the formation of plaques indistinguishable from those produced by arMP-12. Gerrard et al. reported the generation of the ZH501 strain of RVFV lacking most of the pre-Gn region (18) . Like arMP-12-del21/384, this mutant virus There are ample examples of apoptotic cell death occurring in virus infection; apoptosis is induced by host immune responses, virus-encoded proapoptotic proteins, or doublestranded RNA-mediated host cell responses (2, 24, 40) . Induction of apoptosis in virus infection is considered to be one of the host defense mechanisms eliminating infected cells to limit viral replication and spread. Several bunyaviruses induce apoptosis in cell cultures and in vivo (9, 13, 14, 36) . To secure efficient production of progeny virus, viruses have developed various strategies to suppress apoptosis by expressing viral antiapoptotic proteins (40, 43) . The virus-mediated inhibition of apoptosis also contributes to the establishment of latent infections or viral oncogenesis. Large DNA viruses developing low levels of cytotoxicity, including adenoviruses, papovaviruses, herpesviruses, poxviruses, and baculoviruses (11, 17, 40, 43, 44, 49) , have been shown to carry more than one antiapoptotic gene. In contrast to the work on large DNA viruses, studies of antiapoptotic proteins in RNA viruses are rather limited; several past studies have suggested the presence of antiapoptotic proteins in several picornaviruses (10), hepatitis C virus (41), respiratory syncytial virus (8),Bunyamwera virus (29) , and influenza A virus (15) . RVFV NSm protein is the first viral protein in phleboviruses to show an antiapoptosis function. Further studies are required to assess whether other bunyaviruses also encode antiapoptotic functions.
The number of dead cells among arMP-12-del21/384-infected cells was substantially higher than that among arMP-12-infected cells after 48 h p.i. (Fig. 3A) , while the two viruses showed similar virus growth kinetics (Fig. 2D) . Because efficient release of progeny RVFV occurs within the first 24 h after infection at an MOI of 1 or higher in cell cultures (Fig.  2D) (22, 51) , the majority of progeny viruses have been released prior to virus-induced apoptosis. Rapid virus replication prior to induction of apoptotic cell death is one of the strategies that some RNA viruses have employed to secure efficient progeny production (30, 31) , and it appears that RVFV also uses this strategy to circumvent the negative effects of virusinduced apoptosis for virus production. If RVFV always replicates quickly prior to the execution of apoptotic cell death, then why is the pre-Gn region in the RVFV M segment strictly retained in all RVFVs thus far sequenced (7)? A virus such as RVFV with such a rapid progression to cell death in virtually all vertebrate cell types infected might require prolongation of the time of productive infection. We also know that when cells that are undergoing transcriptional and/or translational suppression are exposed to tumor necrosis factor alpha, they quickly die by apoptosis (1, 46) . It is established that RVFV replication efficiently suppresses host transcription and translation (22, 34) . Accordingly, we suspect that a combination of virus replication and exposure of the infected cells to some extracellular factors, e.g., tumor necrosis factor alpha, may induce rapid apoptosis prior to the completion of maximum progeny virus production in RVFV-infected mammals; without NSm, RVFV may not be able to amplify efficiently in an infected host. Consistent with this notion, a recombinant wt RVFV lacking most of the pre-Gn region has attenuated virulence in rats (6) , suggesting that proteins encoded by the pre-Gn region have some role in RVFV virulence.
Our data suggested that RVFV infection triggered apoptosis mainly through activation of caspase-8, which is a death receptor-mediated, extrinsic, apoptotic pathway, and that NSm expression suppressed caspase-8 activation (Fig. 5B) . We also observed that NSm efficiently inhibited STP-induced caspase-8 and caspase-9 activities (Fig. 7) . Because it is well established that activated caspase-8 can activate caspase-9 by provoking the release of cytochrome c from mitochondria via the cleavage of Bid (35, 37) , it is conceivable that NSm protein inhibited either activated caspase-8 activity or an apoptotic pathway that activates caspase-8, resulting in the suppression of caspase-9 activation as well. However, we cannot exclude the possibility that the NSm protein also directly inhibits the activation of downstream caspases, including caspase-9 and caspase-3.
